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Chapter I 


Because of lts widespread use a& @& wonoenerpetic neutron 
souree of variable energy, nearly 211 pheses of the reaction 
Li'{p,n)Be! have been investigated thoroughly (Gibbons and Newson, 
1960). Measurements of the value of the polarigation of these 
neutrons, 1.2., the degree of systematic orientation of their 
mpins, began in 1954 (Willard, Bair, and Kington, 1994; Adair, 
Dargen, and Fields, 1954). Because the cross section for this 
renetion ie large and the polarlaation of the enitted neutrons 
is high, the reaction sinee haa served as the nost frequently 
usec souree of polarined neutrons. As an example of ite use, 
Elwyn and Lane recently deteruined the magnituce of the epin~ 
orbit interaction fer neutron scattering from seven light nuclei 
(1962) and Elwyn et ai. for four neevy ones (1904). A source of 
neutrons with well defined polarigation ls essential to this type 





of seattering experivent. 

Experiments to determine the polerigation produced in 
this reaction have been performed at proton energies fron just 
above threshold at 1.861 MeV to 10 NeV. Por energies below 5 
MeV tne polarisation has been obtained most cxtensively for 
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3 
6, = 50° et which emission cngle the polerization La reletively 
high. The value of the pelarizg»tion et this engle is fairly well 
known exeept in the regien fron shout 3 to 4 MeV (Figure 1). In 
this reclon no extensive, hich-securacy ezperlmeents have been cone 
Gucted previously. One eapects thet rapid variations any eecur in 
the polerigstien .t the energies neax narrow resonances in re- 
action cress seetions such as at 2.25 MeV in the Lil(p,n)pe! re- 
ection. This indeed wee observed by Elwyn ond Lene (1962). 
ibove 4 Me¥ the results of experiments by Bicker end Jones 
(1960) end Benenson, M y, -nd Wolter (19G@) ore consistent with 
the effeet of tive broed resonance et «bout 5 Be¥. It le well 
known thst the total eress section is eseenti ily constent in the 
3 to 4 MeV recion (Gibbons and Newson, 1960). Beecsuse no nerrow 
reson oces h ve been observed in this region, it is to be expect~ 
eg thet 1 rege fluetuetions in the pol. rizetion will net cecur. 
However, In the 3 to 4 MeV resion the reperted values of poluri- 
gation ere sttistically Lneonsistent with tsis expectsticon. 
The surm ry of the meagurements shown in Figure 1 indie tes larce 
rapid veri.tions, If one considers only tee Baisker ad Jones 
(1960) vilues, slow virirtlon generally is observed. However, 
que te the l-rpe af tistical ond system. tie uneerteinties, whieh 
Were quoted by taoeee autners, the aetuel «=. quitude of the poleri- 
mition 19 somewh.t uwuletermined, Conclusions drew frou experi-~ 
mente which employed the La! (p,n)Be! recetion 08 a BoUuree of pox 
Leriged neutrons h 6d te be tempered by tucet unecrtsintles and 
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Figure 1 
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Heutrons “wltied "Jy chattee b Reaetaon i4/(p,n)Be!, All date was 
taker @& PNA = relative to the “pea axis om 
cpt teat Sivwgn and Lancs whieh was t xen ab 53°, 
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6 
in order to cl rlfy tiie situ-tion, .ccur te me surements 
were m.de st 61x energies in the region 3 te 4 meV ot . re-etion 
angle of 50°, A solencid wes used to rotete tre polerisstion 
vector Py of tne neutron been #9 thi.t wechonie.1 asymmetries, 
wader rise due te the usu.l retetion of the detectors, were 
elinin.ted. 2l.stic seattering from nelium enclosed et nigh 
pressure in . thin-wiiled eell was used as en onlyger., By re- 
quiring . solncideace between tie heliusn seattered neutrons and 
tue reesil sipne particles, background was reduced to ebout 5 
porcent. 





Fhe formszl theory of poleriaation of nucleon beans is en«- 
tirely quantum mechéniocal in nature and cennot be caplnined #rae- 
eeasfully by semiclagsical reasoning. Since a presentation of 
the theory at this level is beyond the seope of trie peper, the 
theoretical reeults and an explenetion of the principles aa they 
appiy to the present experiment wili be the priwry subjects of 
this chopter. The reader who is interested in & detalled discus- 
gion of the general tneoxy can consult Welton (1963) wnese treate 
ment of the topic is general and tnereugh. Very iiaited, but 
more easliy understood clecunelons are to be fourm in aecvanced 
nuglear physies texts. {ree for azample Bote end Merrisen 
(1955 ] and Preston [1962 ],) 

Polorigation of nuciel and aueleens refers to the orten= 





tetion ln epaes of their epins, A beam of neubrone is polerteed 
if the spins have a preferred Girection in space es epposed to 
ramon ordering. mae 20 be looked upen as being comprised 
ef a combination of two epin states waieh were referred to as epine 
up and splo-down with respect to. given axis. Tne degree of poe 
larigatlon is defined ce 
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where K_ refers to those neutrons with epin-up end H_ to 
these with spin-down. 

In the ease of pulerizetion in elestic scattering, whieh 
eorresponds closely to polarisation in reactions, the polarize} 
tion of the seattered neutrors oan be predicted by optical model 
theery if a epin-orbit tera is added to the petential used to 
Geseribe the intersetion. Phere is a general sereement between 
predicted poleriactions end empeximental values, but precise 
quentitctive resuite es yot have net been obtained. It is inter~- 
eating to nete thet “spin-orbit coupling in the stheil medel ie af 
the @ame sign snd cpprexiastely toe seme mepnitudcs o@ thet used 
to ealculote polerlestiona in the optical model" (Eemerien, 1963). 

i; the Lneldent protons aad tne terget nuclei ose sore 
milly unpelariged in o resetion X{(p,n)¥. Sewever, the eutgeins 
neutrons are usu liy poloriged beewuse of the strong spin-orbit 
enuplinc in nuclear reactions (Heeberli, 1963). In centrist with 
the corresponding couplim,; in the ease of .temfe clectrons, the 
nuglear apin-orbit interoetion is not clectrensgnetic in origin 
(Eieberg, 1961). The inter ctlen is = result of nuclear forces 
but is net well undersatecd. Duc to spin-orbit soupling, inter~ 
ference occurs between daffercat partis] wevee invelved in the re# 
estlou; polaria tion resulta. 

In the renetion X(p,njJ¥ tue m critude of the polorts.« 
tion cepende upon beth tne proton energy evi the resetion ougie 


6, (Ficure 2). Tre depree of polerleotion e.n be expreased es 
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Figure 2 
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ii 
(iineberlt, 1963) . 
P(e.) = CiV/elo.)] a AL wo) (2) 


were o(©,) is the differential reuetion eross section and 
ee) are the associated Leyendre polynomials, The A, are 
complicated coefficients which depend upon the reection. The 
upper limit on the index of sameation is dependent upon the larg- 
est effective value of the total angular mementum and the inei- 
Gent and finel values of the orbital anguler momentue. Fron sym 
metry arguments it cen be shown that the polarisation produeed in 
the outgoing neutron beam is perpendiculer to the plane which eon- 
taine the initial and finel momentum vectors, the so-called re- 
action pianc. The positive direction of polarization is a matter 
of definition and in accordance with the Basel Convention (fi-5, 
1960) will be taken as 

a * ’ (2) 
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where the K represents the momentun vector of the particle and 
the gubseripts refer toe tie Incident proton and outgoing, neutron. 
Since neutron cetcctore ere insensitive to the orlenta- 
tien of the spin vector, one eannot measutts the polerigation di- 
rectly. The seattering of unpolariged beams is agimuthelliy syeo~ 
metric about the incldent bean axle, but the differential croas 
Bection for scattering polarised neutrons depends on the agimuthal 
engle ». Tris preperty of nuclear elastic scattering cen be uti- 


228e0 6G detect polarlesation in a neutren bean, 
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12 

The sensitivity of nuclear elastic seattecring to tbe 
polarization ef the Inecigent beun is called the analysing power 
af the seatterer, Tne analysing power P, 1s defined properly as 
the polarigation wiieh would result in the eleatie seattering of 


an initially unpolariged bean, - its direction is 
Ky % kn 
5 ey 
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eresea section for the seattering of polarised neutrons is (Kaeber- 
14, 1963) 

oO. p) = oo) (lsF °F). (5) 
Ef measurements of neutron intensities are mece at P-0O (right) 
and p77 (left), from Equation (5) 4% follows that 


rei /i= +P Pd / =P P LD (6) 


Which directly yields 
PP, 2 &- Der Ve 7) 


fois called the righnt-left ratio. 

Sinee in determining the polarization one can measure 
only the egynmetry PP oe ne must knew ex be able to caleulate 
the ansiygzing power Pye Tule is one of the most critical preb- 
Leos in any polarigetion experiuent., For most nuclei the anglys~ 
ing power is still unknown, P. can be calculated whenever the 
seaettering, phare shifts are knewn, and they are best known for 


light, spiniess melei. Per this reanon ne" » © *. ana o°° 


“SONA hes 
weber ae 


(OGG a om 


[wT Vv .-i eet one 
a, AS mee 


ee he re 
a , 4 Ea —_ 





Cth Oe & oS = . 
—— a <P & <= @ =Tet . , an 
~ i <0 ome = « ® : 7 my 
i i ae e Ei ‘= =" enh 


ae: ee 
: , 7 — 


(Pn) 


13 
are umed moat often as polarigation analyzers, Por these spine 
wero nuciel, the partial wave corresponding to s civen orbitel 
engular mnomentuwa can ‘eve only two phese ehaifte, ‘. eorr’spond- 
ang to gy 72+ bana 5, wm G* 2 =}. When clastic scattering 
is the only process involved, the phese shifts ere real, In the 
pertioular case of spin-sero nuelel, the polarisation becomes 
(faeberli, 1963) | 
| P= 2im ig b)/(a!” + the) @) 
were 


a = (17k) S P, (eon.0) | (L+ Usin SF conti 57) + Lin 5 ext 5,9), 


h = (1 /)Z, ON (eon 0) sin (35 = 57) erm 05% 04 53), 


k in the neutron wave number, 2 is tne orbital angular mosentun 
quantius number, and P fom ©) and Nese 0) are the ordinary end 
sasociated Legendre polynomlels respectively. It sneuld be noted 
that tine denominetor ie juat the differentiel cress seetion and 
thet thie result is of the forme of Bquation (2). if orrora exiet 
in the phese ehifte, they are cerrelated in : eompliceted wey in 
Equation (8). Bec.use of this it is very G1fficult te estinete 
the aveurecy of the on lysing power determined in this manner, 
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Pre appor.tus pecull ¢ to pol riagstion m = Widen 
W290 uBe|eC in this caperiment war cesiened by FO, Purser en 
GR. Sewers of this Leborstory. 


‘ecelerator cad Targets 


Protons were aceclersted by toe Duke University 4.0 MeV 
Vou de Ge ff eleetrostetic generator and were monentum nalysxed 
by nn ¢lectromemetic filter. The resulting monemmergetic pro~- 
ton beem waa ineldent on » lithium termet. & preeision digite1 
voltrcter with « gener ting voltmeter wee weed to determine the 
preteen energy. This systen ie Linear over tne recien inveatignt- 
ed end 1a very stable (Sellanieworthn, Bucciac, «nd Bevington, 
1964). The Gicithl voltmeter wes calibrated several tines durin: 
the course of the experiment using the knew: toreshold at 1,881 
MeV for the La (p,n)ael reaction, 

The lithium tarpete were prepared by eveporeting lithium 
fleurlcde ento tentealve becking er "end caps’. Terpet tuleknesses 
were determined by the rise curve metned (Taschel and Neamendinger, 


(14) 
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15 
1948). Yergets aversging about 80 keV te protons at the energy 
stively lerge proton current of (flve alereamperce, 1t wes neces- 
sary to cool tie tergetsa by spraying water onto toe outside of 
the end cep, Tse end caps were seaped at frequent intervels te 
prevent minerals in tae weter fren depoelting on tne, 


“ Pypleal nelymine System 


» typlescl ofrengemoent for opagpuring, polarlgetien ls sxewn 
in Pigw: 3. Tis is not the system wolc.. wes used ls tue pre- 
BOIL Cxperiwent, Sut tide Beclop forse tle bathe -beut wohen ovr 
Spperetus was cesignec, 

Zn order Co e€28.70 tue shymwetry tuc seutrens wile. wees 
@ultted at « ongle 6, “vem tue resetion ial(p,o)Be! sre Lacident 
On - Beattering sempie as shown, Tne cetector is roteted {ron 
tits Y-0o \Pignt) te tee ~-:77 (left) position. Ek each go~ 
Sltion tue neutron intensities are measures; te asyeaetry is 
Geterained from Equation (7), 


PP, = &-D/ 6+ , (7) 


Wi.eT*e: re /1- Poke Goticod reguires tit  peem sonkteor be 
WOO #9 4.1 6 Lue some nueber of protons Ls ineLaent on toe lity. 
dit tCaryet for exe: me turenent of inten@lity. « current inte- 
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Ficure 3 


Pypic-1 reungement for Meo suting L41(p,0jpel 
Neutron Pol: riestion. 
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uw 
Tre time fer recerding . civen mount ef Gt. eeu be nH lv} 
ed if two detectors ore used rater toeu ene. In toe “typte 1 
eprengenent® they would be mousted at 7-0 amd Y: 7 The dew 
testers prob bly will act i:.vwe the some detection effletency;  ovw- 
ever, tia effielencies cance! campictely If the detectors are ro- 
& ted ox tue rigoteleft rotie in teken —s 
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Tne subseripte rand £ indiecte riget dé left pesitiene and tne 
momepToale exbite- rlly intierte toe detestors, 


Ge neutron detectors wie. were veed esploy BE 102 pirse 
tie poespoor,” frie orcamie scintLll.tor ws eelceted beenuee of 
Lte short dee y tle, ner<suseeptibility ve swek ond relotive 
inempensivences, In pi-etic pos. or t e meubross sre detest~ 
sable becuse of toe Lonigics, preperties of t..c reeokiin 14.4% 
nugleleewpriceip:liy .ydropen, Due te tis isotropy of toe nap 





eeatiering crose section for neutrens of © a energy rene involved 
in Gols work, toe enercies ef toe reeoll pretense re dietechbuted 
uilformiy., Beemw@e tue Lint eutgut free tre ecarben reeolis is 
reietiveiy &e ll, te cerven Ges not -ffect toe perform ace af 





"R20 detectors were ott ined fro Bacleor Raterprises Ltd. 
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49 
tre detector in t 48 experiment. 

{.e detectors, woiei: were 5.08 x 5.08 x 2.54 em in elm, 
were wr oped on five #ides wlt:. -lusdram fell wde, -cted «5 « 
lig.t reflector. O6.% cs tdek lead stelé for sttemtion of 
Qeem. rediotlon wlse surreunds tie seintdli ter, ‘oo RGA 6810 
Longhtudin.2 pootonultiplier tube viewed t.@ sebotlil.ter tureug. 
o Lwolte ligt pipe wile: clogead tre ot .erwise open end. The 
purpose ef . 11i..:.5 pipe is to persit tue lee tlen ef t.2« phote- 
wwltipiter tube out of stroy ou.gnetic Mlelde. Tides fourteen 
atare p.oterultipiler tube ws seleeted because of ite 1-r e gute 
put pulse, wic.: is reeded for fust coineidence work. The puoto~ 
tubes were surrounded by mueiet.l aylinder of 0.16 om t Leknens 
aud were mounted in 0.95 en t.dek remo iron outer cylinders te 
furtver reduce t..¢ effects of etroy a.gnetie fields end to serve 
.% @uppertse for t.i.e tubes. Diserbuin.tors persitted eniy pulses 
ecorresapondin , te 210 keV enersy or gre.ter to be counted. 





Be. Lterar 


Tae Semple weic:: was enployed to seatter tie agutrons dif- 
fered apprecis bly frentuewd Bl.b or eylinler, G veous cellus 
wile. was encloged in « st.lnless steel] coutciner served as tre 
ecatierer. Trwre ere two re sons for using -eliuw. It i8 a spin- 
zero lic. S nucleus for wie. t.e sextbering muse s.dfte are rels- 
tively well known. ‘6 previously Clacuased, tue enslysing power 


Gen be ealeulivted in tudes exae, Ala, t.e recoil -ip.. pr rticles 
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Gruee selatilictions wie). can be seen readily wht. s protemle 
tiplier tube. Tois persite tie use of eoincidence tecundques. 
Requiring  colaeidence between tie pulees in tie plastic ecin- 
Sill ters due te the ¢lluceacattered neutrons and tie reeell coe 
live acintilliations crestly reduces beek:reound 

The cellue cell wes patterned after one reperted vy R.E. 
Sh.mu (2962), It wees constructed of type 304% stsiuless steel, 
QO,2@2 em thick, The cell is a cylinder with « bagierlly -edt- 
epoerieni] closed end (Fi wre &}. The interior of t.e cell is 
e@oeted wits a thin isyer of sluninum upen widen a 6.1 en luyer of 
MyO le deposited. Phe purpose of tiese layers ie to reflect the 
iign:t of the »eliws ecintilleatiens. Tae open end of tre cell is 
closed by « tempered plate clase dise and a Lucite lici.t pipe 
Wider give & windew to vlew t-e seintiliationa,. A Teflen O-ring; 
46 weed for a seal between toe  <iess end steel, A tidin layer of 
gipnenyl stilbene wis depeaited on toe Me@ end tee cless window 
%O@ Serve eS @ wevelengt: s.lfter. Toe cell wes Mailed wits a ie 





liurexenon 2a6 cixture in a preportion ef feur atcespieres of 
menmon to iG steosepcoeres of cellun. 

Tie mechanian by widen toe wellum cell detecta neutrons 
nage not beer completely expleined Unuwdleaton, 1960). Ag it te 
presently understood, te neutrons Lege an sppreciahle amount ef 
tromis energy te tue oellun atome, Toe resulting alpca particles 
leee thelr kinetic ener,y prismerily by electremecnetic interaction 
Wits C.e ¢lectrens of tie xenon etera resulting in fonigation and 


excitation of t.e Zenon. Recoutinetion ond decxeitetion, wits 
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23 
tueir sasseci-ted lig: t of entieasion, follow. T..¢ sebatlilstion 
pulses observed consist of a lon, lived (slow) and » suort lived 
(fast) co monent. menly reeexnvtnetion, w te. is a reletively 
flow process, accounts for t..c¢ slow component ocbrerved, and deecx- 
eLtation, 2 uel: faster procegs, accounts for the fast conponent. 
if the deexcitatios precess is one of resonance radiation, ene ex 
pects Usat te resonance radiation would be recaptured anc reeait- 
ed many tises befere 1t could reacn tue puotecatiode. This would 
result da a loawer livec component tran is observed. Deexcitatien 
of tie xenon ateus causes t..c fast pulse, but tue role played by 
resonance radiation is questieneble, 

Tie cut esitted in t.e deexcitetion process .as a dif~ 
ferent bend of frequencies from thet te wile. t.e¢ pietecatiode ia 
sensitive. Tre dipnenyl stilbene ceatins is ueed to convert te 
frequencies of tie p.otons to tone of the puetecatnede sensitive 
region. 

To glilow 2a deteruination of tee enerry resolutlon ef tre 





eeli, a po@is alpue source was introduced torou. toe f4ilin,, line 
a@ goewe in the fleure, Nellum ee1l] reeolution is defined te be 
the enerey a@pread of tie peak in tue pulse-vuelont espeetrun of toe 
eipna pertieles at half maxieee sedcot divided by toc perticle 


enerey. The resolution was determined to be 15 percent. 


Electronies 


Fact: tise a neutron interacts in toe plastic scintillator 
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ok 
er She belfum o:i}, @ pulgo is geaeratd im Uw cowrwapondiag 
photecus. A Block dlagren of the apparetus for sanverting thea: 
giguiis inte meaning? Geta is show; in Figuer |. 
phototuls @ of the Reldum @ 1) and detectors. They are aeplified 
im Mewlott-Packard wide band amplifiers witien ifmit the pulmes te 
eags woits. Dolay lim clinging 18 emplegre to ehege the pule ® 
umifermly 69 @ 10 neec width. Them 10 asc puless are Ue Lippete 
So th: Cast eoincidenc: cireukt which is a endi fication of om peo- 
poe by FM, Miller (199°). Amytime a signal eppraers in « det <- 
ter eoincid-ent with ome Cree the helium coll, &® pule- La trane- 
Mtted fron the fast eotneddense clrewlt amscelated with that 
detettor te the approordat: trinie oeinedd-me cireautt. The dou- 
ele puls” romolving Glos of the fest asincidene: elrenit ia about 
LO were. 

Treo fect that e scintillation is gen Wy Ub oeutres aho- 
tetebe colnciornt with ome tn the Modisam oc. Li phetotusce dees neat 
regadre that thee Oy G@uaiet? bg UR fee noolrem of etror by meu 
(one. Gry or both of the pulse may hav. neen due te @ basliggraund 





EI OX & Gere ray. Whom a meutron tea semttercd theough a aspe- 
eifie gagic. the kinenebies of leetle seatt-rtiag requires tlwet tie 
neutrons tranetcr @ Gelinite guowit of thir energy to the alpha 
perticiy ead retain the woomelning pertion. In order to use thie 
praperty bermiiebaiiy, tsiplvy codmeldense t chniqoas av Lacorns- 
raved, iigute tm the bGrbpic celnmelowner olreult erigine+ed at thy 
Sovernta dynodes of ths pnobotubes af ¢dther the Boldum @ Li or the 
metro, detecter, A Kammer 396 amplifier tue Bolium reoet2 pulees 
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7 
Bi @ Gleorluiosator in triggered only by Vaoe pula corr sponding 
te nmeutromea which ero aemttersyd through @ e-rtain angi- ot greater. 
In oruer to ettedn an outgut pule from the slow celasid-ne- cir- 
corms! to @ bv iius oj) acintilieation, ari both tire aewtoon amd 
@iphe pulece must be onere tiseaily acecgtasic. Amplified liner 
pulees from the helium cell, which are aecempeniod by a gat< pule-. 
from the “uppes*’ slow coineid ne clreutt, ard eabliyeed by a Tw 
Modea jon mitiohaancl analyzer aad stored im chemmels 1 - 200, 
theme from tie “lower” cireonlt in channels 103 - MO, Phis Gevier 
amis tie Lupul pulee asi records £5 in @ gpecifie chenm i whton 
Gupenda woon th: hel@ht or omorgy of the pulse. The output of ter 
emaiymer lee plot of the maeoer of puleee 6t a given ce vey 86 a 
function ef tte onersy. In emionr to sainlein @ constant ehrek on 
the performance of th «lectronics cirsulte and on target ovteriar- 
ation, 12D. 49-2. setiers wore used to recom to @utmet of the 
slow evingidcnes sirgvite ane the Aeliue © Li peieow. Typiemlig. 
these wer aetous 0) soumtle por minut per @ilow eoimeidone e4renit 
pogieter<. vy tiv scales. 


Vo eteLea 


Sinee woulres detenter cfffetenctes ere diffieult te 
a ee 


Te 400 channel snealywer wan ocbtelned fron Zeckaieal 
thasurey nt Corp., Herth Heven, Cumn. 


re Raclear-Ouicags Caro, of Melroge Park, di1. tarie- 
faelured Wem sealers. 
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determine absolutely, it 1s necessary to interenange tie detectors 
two detectors are ueed in the “typical crrangement”’. Teis inter- 
enange is tre weakness of toe syste, The seatteorer to detector 
dtetance ~ust be kept constant to avoid ¢ ansing, the detector 
Bolid angle Jed by toe seatterer, Tecause of tue anlsotro~ 
pies in toe differential cross section, care aise gust be teken 
te place the detectors st tc seme angle on bot: sides of thre 
beams. If tie proper radial distenee and angle ere not selatained, 





falee esyrmctries are introduced Inte the measured quintity. 

A metood to elininate these falee esyometrios Pirget was 
propomed and employed by Wilinen, Etalfford and Woitenesd (1956), 
Que metnoed utilizes tue rotation of tre polarigation veetor of 
the neutron bean P, tareugn 90° by the Larmour precession of tre 
maignetie wowent in a unifors sagnetic Tield predueed by a sole- 
weic. With: tee proper field P, is rotated 90° about the bear 
axie into the plane perpendicular to tue Pret reaction plane, 
ermdiicuiar vo tie 
first plane, and tee detectors are Mixed in trie plane. A .en- 
surement of intensity is tuen taken in eee detecter. By revers~ 


dag the field t..e polarigation vector can be rotated 180° rele- 


The second reaction plane is new vertical and perp 





tive to tee veetor €irection in wile... tre first measurement was 
taken. This is entirely equivalent to wovine tue detector te tue 
opposite side of the Incident bean. The “"rigit-Left" ratie, 
Bquction (9) becomes 





=| eR, 8. 30) 
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29 
where the gubseripte u and Gd refer to tue up end dewn detectors 
and p end @ to the fleld direetions parallel end antiperalilel te 
the woxentun veetor K,. Falee meehanier] esynnetries no Longer 
enter into toe experinent, and detector efflelencies eancel. In 
fact, no beam monttor is necessary because only reletive counting 
rates are measured wien the data are analysed im t).is manner. 
fnle nethed also pernits core frequent “interchange”? ef the ¢e~ 
teeters than is prectical with a puysieal interchange. Teda sine 
imiges tie effect of lon. terme eleectronice crifts. 

Tne Lormwour frequency of precession of tie neutron sagme< 


tie movwent is 
v= G4, 4/h ops (14) 


were g le the meolesr ¢ factor, M.. fs the m@lear magneton, H is 
the magnetic fleid, and : is Planck's eonsatant. If tne neutron 
velocity ia V (en/sec) and tre pati: lengt:. ef tae neutren in tue 
magnetie Field is 9, toe Pleld required to retate the oumetic 
is 

H= Vh/ Gay, b) > (12) 
Ef tae field ia teat due te an infinitely long soleneid one requires 





moment tiraugh 90 


& 
Ni = 6.94% 10” JE eenptumne (42) 


Wien Che neutron energy F, 1s measured in MeV. 
Tee Boleneld wollen was ued in tie present experieent is 
& woculer, aireeorte solenoid wits tape wound collie woileh ere conl- 


ed by Cirect weter contact wit: toe edges of toe cepper tape.” 





*¢: @ Qoleneld was constructed py Maesnion, Inc. of Casbdridec, 
Mees. and ia a mdifieation of treir Plassaflus del. 
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It »as a 5.72 es Glemeter core. Tie solenoid ie composed of 
tixree vodules enclosed In an Arueo iron vex on five elees. 2 
0.95 on Gilek slab covers tie top wiercas the enade ueve 2 3.16 ca 
telek cover. Tre better of tue sole.cdc le open to provide space 
for coolin: water end power supply conmseetions, Wit. tie exist 
ing, power sunply-~a 35 kilewatt, 325 ampere yonerater-<tie eaxi- 
imam central field stren,t). is 7.8 kilogeuss, 

Aitsow, 1 toe use of tle golemol¢d @lisinates t.c alerue 
mentioned mechaniesa] agymmetrics, esyueetrier cauged by tic re~ 
vergeal of tie magnetic field cquidc be Introducea, Tre fringin, 
fLelie «Lent cave an effect on tue piotetubes. ais effect was 
ainiqleed as Ciscusted in t:e section on detectors. Also tis 
proten bean wmigut be deflected und caused So .1t different per 
thona of the iitriua terest, resulting in a different terget 
tiicekness for various solenoid currents. True fleid wes carefully 
meapured and t.e Trin in. field wes deteruined to be less tuen 
one gauges in tye vieinity of tie peetetubes wend proten been. Thule 
nae a negligible effect an tie proton bean, Beeause ef tie 
Slelding expleyed, a field of tis magnitude nes ve effect on 
tre phototuben. Figure 6G ind@Leates tue p.yeiesl configuration of 
tre selenoic and t.c Pield preduced oy it. 


cxecary of tne Metood 


\12 tis may be better understood if it is tied tesctuer 


in & Oricf summary wit. a ficure sbowin, t.c ectual apparatus 
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Etcure 6 
of tue Selenotd and Its Performance 


a1 frrancement 
in Cresting a Uniform Longitucinal Field, 
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33 
(Figure 7). Mavine been seeclerated by tye Van de Graff gerers- 
tor, 66 protons were incident on & litiue target. Those neu~ 
‘trons wile: eserged at a reaction angle of 50° relative to tue 
Plane perpendieuler to tie first reaeticn plane oy a longitudinal 
Waguetic fLeld prodvecd wit ea solenoid. Toe neutrons were incl- 
@ent on a celinm ecll, Tiose wile! were soeattered thireuwgh an 
angle €, were detected by « pair of pluatic seintiliaters. For 
thas work @, was 100° or 120° depending upen wee!) eave the urwate 
er value for P, at a perticular weutron eneruy. Pulses caneed by 
neutrons wiich were of t.c« proper cnexrcy and wie. were coinei~= 
cent with selius recoils of tee requisite enemys were eoanted on 
stalers end were resolved by a ~ultic'enncl polse~ ete ot analyzer. 
Tre asyposetry was computed fron Pquations (7) end (10). 











Aetual Arraenceesent Used to Measure 
tue Polarigatio: of Keutrons. 


JGNLOLOHd } | 





d3q131HS oo mola 
| WnI73H 

LAOUVL 

WATHLIT 

i 
___}s 
= =f SS 
SO ere... 
r G13 1HS 
GiON310S NidadVuVd 


Q43SO0 1IONIS-OOW EV 


ONIY LYOddNs \ 
; SY3MO01104 
NOLVTMLNIOS ZOI-3N 0. 





Gnepter IV 
ANALYSIS OF DATA “ND THE RESULES 


Analygia,, tne data was eseentialiy ea two-step process. 
The average value of the snalyging power of helium P,(E_, 9.) ved 
to be determined for toe varlous neutron energies and anaiyeiar 
angles, end t.© truc value of tie asyonetry ued to be establisved 
vy the elicination of backrround and firet excited state neutrens. 


Caleulatien of P. 


Pf, 02) ciffers from Po (En, 6.) became of the geen 
etry inveived. Lue to tie finite siges of tee scatterer and Ge- 
tectora, «ffects mucai as multiple seattering and selié angles 
must be considered, It wee asguned for t.e initial calewlations 
Chat ne multiple seattering of neutrons cecurred in toe  eliun 
eeoll or in tue plastic cetecteors. Pe is a function of tne effi- 
ciency of tue seutren detectors n (Z,,), the differential seatter- 
ing cross seetion for neutrons om neldun o(65)s tre amlyging 
power of helim: Po{E.,s @, }, and a geometric factor ff @..). 

P,(E,,. e,) and ¢(6,) were Getermined from relations in- 


GieateG in the previous capter. In trese ealeulations tye phase 


(36) 
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37 
shifts of Dedder and Gammel, quoted by Seagrave (1953) were uaed. 
Tone pelative efficiency of the plastile scintillators is 
given by (Swarts and Owen, 1960) 
ol.) = moq tet “oe )/at (14) 


were 4, ig the muaber of hydregen atone per ex of selntiliator, 
c. is tre neutron-proten scattering cross acction, L is tre 
length of the scintillator, a"%,0,°%% , ty is the nunber 
of carven atoms per cm” of peintillater, aad ¢¢ the neutron~ear- 
ben creas section, The true efficiency for a biased detector can 


ve ealeulated from 
Nig.) = (1 -8/E de, (15) 


where 6B is the blas energy. Those efficlency curvee witen were 
determined fer tuis experisent are s.ewn in Fire &. 

Tae geometric factor next wae computed. To implement 
Chis the detectors were reserded ag plane surfaces, and the he~ 
lium eeli and detectora were divided into elehnt sections (Pisure 
9). The probebility of scattering fron cell gone "4" inte de- 
teeter zone °4° is 


i o xerea (j) x volume (1) x exp (2,/a 1/1 ; (16) 


Frem cell seguent °1° to detector segment "Jj" the distance is 

Mays the path length in tue ceil before reacidng volume (1) is 
Ls X is the mean free path; k ie a constant. Tne seatterer 
te detector distance was 17.4 em se that Py was approximately a 


coustaant, 
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Figure & 
Rfifielency of tie Plastic Secintillsate:. 
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Geometry Invelved in the Computation of Pe 











4e 
Sinee toe areas of tue detector segments alse were equal, 
ti =k! x volume (i) x exp (- 2/2 ). (17) 


Beesuse the differential cress section was considesed separately, 
$he neutrens seattered frem cell gone “i" save en equal probebil- 
Lty on es geometric baeia of going into any detecter gone, A hise- 
togran war constructed showing tic geometric probablilty for a 
neutron's scatteriag tareug. O9 as a function of 62 , and a 
ameot). curve wae draws tures: it. Values of the .ometric face 
tor were tien deterained frea the smoeto curve. 

avin. detervined these quantities, P wes eveluated frou 

wn 5 Past 029% (2) Gln) 4G) - 
2, (QV (6,)%,€) 

Multiple seattering, in toe plastic seintillatersa was eon- 
Sidered because its effeet is te inerease tie efflelency wonlin- 
early wien in tura influences B Tue totel lignt output pro+ 
Gueed by a neutron interaction 1n tae ecintiliater is increased 
When 2 neutren ile doubly seatteres fron pretoas, Tris la pertic~ 
ularly impertent wen ¢ blas is used beenuge sone scintiliations 
weien et erwise mig..t be biesed out may be raised above tha biaa 
enerey. To Getermine wether cerrectiens for multiple seatterins 
were required, F, was computed at O 2” 100° and 120° for turee 
efficiency ecendltions. The efficlency was determined fer tore two 
bias conditions wien were used in tne emperiment, B” 165 keV 


fad G = 250 KeV3 thirdly, twe efflelency was teken to be unity. 
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“3 
ir BF, is cot 2 rapidly werylea: function of effieteney tuere is wo 
fQewes te cerreet for multiple seettering, Tut result of coaqputin, 
F, fer thee tree cases was bet toe cumiomm dbfferenee in B, at 
any particular onergy wee i pert ic 190, Sinee FB le net knew 
te W485 eecuresy, It waa net deemed wert amLie to eerreat for «ul~ 
tiple seattering is tie detestors. 

fo faeliitate te eseguitetion of a eritiple seetterine 
‘ eerrection fer toe neutrone te tie cellue ¢¢11, 6 @ starnctias 
ansueption tant ell toe first seatterings teck place bt tas een= 
wer ef @ sp-erical ee]1 wee made, Woen t« attenuation of tus 
pregent cage, Sols esesucption is reavonevie., Toe ell was divie-~ 
ee inte twenty-four ting in wie. seeord seettertay alpet occa. 
It firet was cetersioed wiootoer ¢.68e aeutrons wile. were sente 
weres fron tue center inte « civen bin aed tr-eu seattersd @ we- 
com theo inte te detector would satisfy t« “eliue cell end 
detector cor yy requiresests, Woen tot Pequliwcrwete were geting 
fied, an effective valup of r wae cogpoted fer seutroda gulGinls 
aesttbured fron + « particulier Gin. Tee corrected value af F, me 
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aeattered intensity. The results of these computations corre- 
eponding to E, = 3.4 MeV for the specific case @ineussed in tue 
appendix are shown in Table 1, The maxiorza effeet of multiple 
scattering is to lower FP, by less than 0.002 while the minisun 
effect is to reduce this value by less than 0.001. Ginee this 
correction is negligible compared te the valu of F. wilen aver- 
(aged about 6.55, the caleulation was not pursued further, No 
other corrections were determined for the value of P.,. 


Determination of True Asymmetry 


Values of the meagured asyucetry nad to be corrected for 
bagkexound contributions from four sources, Two of thease sourcer 
were celi-scattered chance and floor-scattered chance. The sum of 
these two sources was measured by a Type I measurement which cen- 
sistec of inserting 2 70 nsec delay line in the cable from the hee» 
liwm cell to the fast -vincidence eireutt. Because the resolving 
Gime of the cirevll is about 10 neec, this nad the effect of pute 
ting the true counta out of coincidence, and only random counte 
would be recorded. Direct neutron counte were climinated by 
blocking the core of tre solenoid with peraffin clugs in a Type It 
meagurenent. This yielded the mim of floorensesttered normal and 
Lleer-seattered chanee, The 70 ngec delay was inserted asain with 
tne plugs in plece {Type III) to measure the flceer-seattered chance 
counts alone. Other baekpround geurces were considered in a Type 
IV meegurement with eae blank Te end cap in place. The total back- 
ground to be subtracted ia 
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AD 
EAXGED = Type Ii Type II = Type IZ + Type IV. 

The average value ef thie tetal background was 5.5 pereent, and 
the highest value was only 7.5 percent at E, = 3.0 MeV with 
6, = 120° « Total backyround consisted of approximately equal 
contributions from Type I and Type II with otser sources belng 
aleeost negligible. The polarisation of the background was con- 
Sistent with scro, 

In moet cases the resolving power waa not sufficient te 
separate completely the neutrons which leave Be! in tie ground 
state from those wileh leave 1t in the first excited state (Fig- 
wre 10). Sinee the purpese of this werk wes to measure the pe- 
larieation of only the ground-state group, separation was dceir~ 
able. To climinate the effect of tne first~excited=state group, 
waieh comprise about 15 percent of the fiux, a plet of the asyn~ 
metry ao a function ef the lower cutoff channel in the intecrated 
pulse-nelpht spectrum waa made. The firsi-excited-atate greup 
mas less energy than the pround-setate group ef neutrons wo thet 
as the lower cutoff! chaune] ta raised, the first-excited-etate 
Group sivwould be eliminated. DBecseupe this group is known to have 
2 low polarigetion, one expects that the saymmetry would rise and 
then level off as these neutrons are elimineted (Figure 11). Only 
tive chasnelis whien excluded this sroup were included in the deter} 
mination of the velues of P Poe The value of the plateaus in the 
figure were taken to be the esynmetry for the oreund-state group. 

The oxperLmental snd celculatec results are presented in 


Table 2. In this table the spread of proton energics is indicated 
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52 
by the target thickness-«<¢he energy leas of protons of enerry 
EB, in passing through the Li. ere, B, is the average proten 
energy for the measurement. The values of P,P, have been core 





Cuapter ¥ 
BISCUCSTION aANb CONCLUS TOME 


fre pepulte of tae present senmdroent Bre plotted ea 
Figure i2 elon with toe regelte of previews caperiaeuters for 
eae of conparison, A susetely verying, and gearrelly tacreessiag 
Velen of polerigetion ee tire energy incresees is inéicatied by tu 
Teeelits, Saalitativeiy ti-« memet.. varietiag® herwes with tems 
While would be oapeetod sinee tomre sre oO Garren cesenanées in 
tee resection creas section in thie region. 

The uneertaintiles wie. ere quote are tre stendard a - 
vhation® sesceiated with the counting stetiatios enly meet st 
tee 3.0 WV point. Bere tie uncertainty quoted ie oreater than 
tm stetiatical ont siome. Ot thia emersy tures Labependent eer- 
Leos of Segm.rocernta were sade of tive egyowtry. First tee saggy 
wetry Wee detoraiond wits en analysing anele of 100°, teem at 
1ae", and thirdly acaln at 100°, fhe espociated polarization of 
tee neutrons TF, for the latter two Scrivs agrweé quite wrli. Gow- 
we, tor talus of Ger seyumetry measured is tie firaet serioe «t 
100" eiffewed free toet of tor third series at 100° by 6.03 oven 
tame) te individoel seesuresrnte were wade to e mtetieties! ac- 
omrescy of chout 0,01. The reagon for tiie crvietien ie oot elear 
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Figure 12 


Polarization of Keutrons 
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ax] gay be Stetistical in neture. To eceownt for the possiloliity 
taet tr differcacce mag be Ou to an wainown beckground or in- 
strwmental predlem eseeciated with tne low neutron -nemgies, tor 
quoted error for ti: 100° measurement nas been doubled. * toe 
ether «mrgies wer: P, wos Geternined at botn @ = 100° end 180°, 
the resulte wer stetietleally coneistent. 

Tre quoted statiaticel errece were erpived at by Che «Be 
of the expression (Orear, 1y55) 


, de \® e 
Ae = 2 (32) (Aa). (20) 





ere » is @ function of tie x,. 
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Winer’: P,P, ig the measured aayumetry and tee G's arc Une Lutenei- 
ties wiier oave been corm cted for sackgrowyl, The @ubsechlpts 
agave the sam weaning ap in fquetion (1G). Tale séscars tuaet tn 
tateneities ave Poinson distriited wiis: Le gulls © @listic aimee 
tw prodebility of on cernt Le both geail sad conetant, 

/ gecom source of Ter is teat asacciated wits E. kt 
sag been cetimeated by Heeterii (1903) that tae calculated valuos 
ez P are Raown to eitidna ton pereent of tne cerrect value. The 
pecent neagurewente of Say, Nalter, and Bersesaidl (19:3) ehew that 
thie perceuntagr may b a conmervative -stbemt. fol tre present 
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57 
smaller in the present experinent is the consiscvent value of P, 
determined at both ,= 120° and 100° at the 3.4 MeV point. Men- 
eupoments of the value of F,, are planned in the near future st 
this laboratory. At that time the uncertainty in P, ean be eval- 
uated more definitely. in the uncertainties quoted for P, in 
Table 2, page 51, the uncertainty in P, hae been neglected. 

Although the apparatue which wae used in thia experiment 
ie adequate to determine the aayemetries which were measured, the 
method is linited both below proten eneery 3 MeV and above 4 Me¥. 
The upper boundary is caused by the design of the Van de Graff 
generator. The lower linitation Is ue to the low intensity of 
the scintiliations in the helium ec]l. At tho apsoclated neutron 
energies below i, = 3.0 MeV, the helium reeoil pulse sige is ao 
email as to be hardly distinguishable fron tne large number of 
background pulses produced by photetube molne and gas radiation, 
Ap the energy 1a lowered further, one can no longer be certain 
hat preper neutron pulses and net backcround pulses ere being 
counted, 

&s seen in the fMicure the trend of the cxperimentel points 
agrees with the trend which Balecker and gones (1960) ebserved, but 
apecific values of the two experiments are sometimes quite diver- 
gent. At 4,0 MeV the remuits egree very well with Cranbers (1959) 
and Benensen et a1. (1962). The resulte ef Benenson et al. heve 
been corrected by the author of the present paper for the effects 
of tne first excited stat: group ueing the relative intensitice of 
tha two groupe as reported by Bevington, Roliaad, and Lewis (1961). 
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6 
A® the energy 18 decreased, trem Ls a general agreoment until 
the 3.2 MeV point ie reached with the execption of the Granberg 
(2999) potat at 3.48 MeV which 18 coer ly higher than the 
overall trend, In analyging Ale data, Crenberg used the values 
of polarization for nie’ scattering caleulated ty Levintor, 
Shamshey, and Miller (1957). Although: an incorrect phmec shift 
was used in their calculation, it hed liutle affeet eon P,, et tae 
energies of Cranber:,'S experiment. CGerrecting Cranberg’s vaius 
fox' tne offect af this «rror does net wring, it inte agrecment 
Wite the present rewulte. At 3.0 and 3.2 MoV the reaults are low- 
et Bx Hlgpicr respectively Cian the consensus ef thre previous 
work. lowever the pointe aptes well with the patiorn of Striedel. 
Darden, @nd Haeberii*s (1956) work oclow 3.0 MeV and follow the 
treme of siowly varying values ehien wae cmpeccted, FEvaluetion 





ei the mow data reletive to tnoae of Baicker and Jones (1600) and 


Btrieboi +t @1. (1950) snould be tempered not only uy the stetis- 





tit@ali uncertainties but also by the fact that tiewe experbacntors 
Werw op rating with a backgsrown of about “SO percent woereas co- 
Lnela&nec teomlgquee reduesd the present becxrround te 
peoreent. 





4t is to be noted taat all of tiw above experiacnters vee 


. af an anmiyser osecpt Tasen and Lene (1908) and Stricbel, et 
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ai. Woo used o*°, Pnus the deviation between individual pointe, 
whd.es 22 noted, camiot be abiributed te uneecrteintles ian tee valbue 
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is high and the cross section for the roection is large, tne 
44" (p,0)Be! reaction is uecfal es a soures of polarized nwutrone. 
fre cegnitude of tem polariestion of nevtrens omitted at an angle 
of 90° rolative to the proten bean axie in the reeetion for tne 
region of proten energies 3 to 4 MeV 1s now known with relatively 
hdgh accuracy. ‘Ss would be uxpected by the lack of resemaner 
structure in the total erves section for the reaction in tie re- 
Sion, tue polariastion varices emothly. Because these fects wre 
gow well known, the reaetion is much mere useful as 2 souree of 
polarized neutrons at proten energies up to & me¥. shove tides 
emery tic neutrons are lees useful because of trw difficulty of 
regelvinc tre two neutron sroups end the decreasing, Magnitude of 
She polerigation of tue neutrone. 
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Multiple seattering corrections usually cannot be calcu- 
ieted because to Go so requires a knowledge of the triple scatter~ 
ing peremeaters whicn are generally unkuewn. In the present work 
two of these parameters are applicable. The depelerigation par- 
ameter D is related te the comancnt of the polarigation vector ef 
the scattered neutron which is nermal te tne secend scattering 
piane after the seeend scattering. Thies component will ve cailed 
the BD cemponcent. Tho rotation peraucter f is a funetion of the 
magnitude of the polarizetion vector perpondieuliar to beth the 
vecbor describing the geconl scattering plane amd the momentum 
vector of the neutron after toile scattering. This cenmpenent wili 
be refarred to ap the Kk eamponent. 

Por the ease in which the second seattering in tue hellum 
6012 ig in @ plang perailel to the secoml scattering plane, the 
D components of the polarigatilon is effective. The agyrmeectry is 
given by (Wolfenstein, 1954} 

, * PtP, *BP)/ G+ PP) (22) 


where Ps 42 the polarization associated with the third scattering, 
Po With the secend, and P. with the neutron producing, reaction, 


(62) 
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Because in the case of seattering frem apin-aero nuciel the mag- 

nitude of the polarization parallel to a, 1s net changed, tne de- 

polarization parameter Disa unity (Welfenstcin, 1994). Fer tnis 
came Equation (22) becomes 

e, = PP, 4P/ 0 +P?) ‘ (23) 


fhe effective analysing power fer a neutron multiply seettered in 
this plane is 
Pm as/P, (24) 
if the second seattering in the helium e¢11 is in a plane 
normed to fy 2 ke tho asymmetry is (Wolfenstein, 1994) 
a, = &, (04)? 8 (25) 


x? 


where Ont the angle described by k', and k" whieh are the mo~ 
mentum vectors of the singly scattered and rultinly seattered amu- 
trons reapectively. Beeauge of the difficulty of the computations 
required to evaluate the K parameter for 211 engles, it wes not 
esloulated for the present corrections. The meximam and minimun 
effects) of multiple seattering which correspon te the Lintting, 
Values of KR, ~ 1 and +1 reapectively, were Getermined. Table i, 
page 4&5, shows the values of P' when KR im +1. Purther and meh 
mere detalled work on multiple seattering will be done in the near 
future in conjyunection with the same experiment referred te on pege 
S7. The effective anelyzing power egeln is siven by Equetion (24) 
with the asymmetry civen by Equation (25). 
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63 
tne correction to B,, was determined by dividing the e*21 
inte twenty-four bins in such a manner that the center ef cach Lay 
fin a plane either parallel or perpendicular to thr secend seatter- 
ing plone. It wes savused that ell the miltipie seatterings in a 
Biven bin teck place at the center of the bin. Having determined 
P', the correction to F wav computed as deseribed in Ghapter III. 
fhe corrections dctermined in this manner were of such low magni- 
tude (page 44) that more edetadiied calculations were deemed unneces- 
gery at this tine. 
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